Abstract. In this case study we compare cloud fractional cover measured by radiometers on polar satellites (AVHRR) and on one geostationary satellite (SEVIRI) to ground-based manual (SYNOP) and automated observations by a cloud camera (Hemispherical Sky Imager, HSI). These observations took place in Hannover, Germany, and in Lauder, New Zealand, over time frames of 3 and 2 months, respectively.
Abstract. In this case study we compare cloud fractional cover measured by radiometers on polar satellites (AVHRR) and on one geostationary satellite (SEVIRI) to ground-based manual (SYNOP) and automated observations by a cloud camera (Hemispherical Sky Imager, HSI). These observations took place in Hannover, Germany, and in Lauder, New Zealand, over time frames of 3 and 2 months, respectively.
Daily mean comparisons between satellite derivations and the ground-based HSI found the deviation to be 6 ± 14 % for AVHRR and 8 ± 16 % for SEVIRI, which can be considered satisfactory. AVHRR's instantaneous differences are smaller (2 ± 22 %) than instantaneous SEVIRI cloud fraction estimates (8 ± 29 %) when compared to HSI due to resolution and scenery effect issues. All spaceborne observations show a very good skill in detecting completely overcast skies (cloud cover ≥ 6 oktas) with probabilities between 92 and 94 % and false alarm rates between 21 and 29 % for AVHRR and SEVIRI in Hannover, Germany. In the case of a clear sky (cloud cover lower than 3 oktas) we find good skill with detection probabilities between 72 and 76 %. We find poor skill, however, whenever broken clouds occur (probability of detection is 32 % for AVHRR and 12 % for SEVIRI in Hannover, Germany).
In order to better understand these discrepancies we analyze the influence of algorithm features on the satellite-based data. We find that the differences between SEVIRI and HSI cloud fractional cover (CFC) decrease (from a bias of 8 to almost 0 %) with decreasing number of spatially averaged pixels and decreasing index which determines the cloud coverage in each "cloud-contaminated" pixel of the binary map. We conclude that window size and index need to be adjusted in order to improve instantaneous SEVIRI and AVHRR estimates. Due to its automated operation and its spatial, temporal and spectral resolution, we recommend as well that more automated ground-based instruments in the form of cloud cameras should be installed as they cover larger areas of the sky than other automated ground-based instruments. These cameras could be an essential supplement to SYNOP observation as they cover the same spectral wavelengths as the human eye.
Introduction
Clouds play an important role for solar and terrestrial radiation. As a consequence, clouds have an impact on the energy budget and global climate. A small change in cloud parameters may significantly change the temperature variation (Seinfeld and Pandis, 1998) . High clouds, in general, act as a greenhouse gas and warm the Earth, whereas low clouds can cool the Earth by reflecting the radiation back to space (Liou, 1991) . Several researchers proposed that the effect of clouds enhances global and UV radiation (Calbo et al., 2005; Schafer et al., 2012; Poetzsch-Heffter et al., 1995; Solomon et al., 2007) . Clouds mediate the indirect effect of aerosol on radiation (Forster et al., 2007) . Albrecht (1989) explained that increases in aerosol concentrations over the oceans increase the amount of low-level cloudiness. FurtherPublished by Copernicus Publications on behalf of the European Geosciences Union.
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more, analysis by Clement et al. (2009) shows observational and model evidence that changes in low-level clouds act as a positive feedback over the ocean. Since the feedback of cloud coverage on the climate is the biggest uncertainty in climate research and forecasts (Solomon et al., 2007) , it is essential to investigate and improve cloud coverage measurements, both ground-and space-based.
Ground observations and measurements are not provided in a sufficient spatial coverage although they often cover longer time scales than satellite observations. Only spacebased observations can deliver the necessary global coverage with sufficient quality and long time frames. Particularly over the ocean and inaccessible regions satellites are largely the only data source (Ohring et al., 2005) .
Already in the past 100 years the study of cloud parameters has been of high interest. Human observations were the first method of cloud coverage determination. Observers classify clouds according to the subjective view of shape and appearance (Robaa, 2008) and estimate sky coverage. During the last years more and more of these human-based observations were replaced by ground-based automated instruments to obtain a higher consistency in cloud coverage estimations (Orsini et al., 2002; Dürr and Philipona, 2004) .
In the early 1970s Malberg (1973) compared cloud cover from satellite photographs to ground-based synoptic cloud observations and found mean annual differences of about 9 % over northern Europe and 15 % over southern Europe. He explained the differences between ground-based observations and satellite imagery with geometric, synoptic and orographic factors. With increasing availability of satellite data, scientists started deriving cloud properties (Ackerman et al., 1998; Christodoulou et al., 2003; Ebert, 1987; Gao and Wiscombe, 1994; Garand, 1988; Parikh, 1977; Porcú and Levizzani, 1992; Romano et al., 2007; Saunders and Kriebel, 1988; Schröder et al., 2002; Welch et al., 1992) . The cloud detection threshold test by Derrien et al. (1993) is a real-time processing scheme that is applied to the different channels of irradiances from the NOAA-11 satellite. This algorithm was further developed and adjusted to new instruments on further satellites LeGleau, 2005, 2013) . Dürr and Philipona (2004) developed an automatic partial cloud amount detection algorithm that estimates cloud coverage from surface long-wave downward radiation, surface temperature and relative humidity. Schade et al. (2009) validated the algorithm by Dürr and Philipona (2004) against human observations and digital all-sky imaging. The results show that the differences between algorithm and imaging are lower than between algorithm and human cloud estimations. Boers et al. (2010) conducted ground-based measurements with five different methods that were either performed by passive or active remote sensing instruments. These measurements were compared to a 30-year climatology of human observations. They concluded that of course it is unrealistic to expect complete similarity between observer and instrumental outputs. The lack of sunlight during night compounds the difficulty of cloud detection for the observer. Observers as well as some instruments were unable to detect very high thin and wispy clouds. Schutgens and Roebeling (2009) analyzed the influence of cloud inhomogeneity on intercomparisons of liquid water distribution retrievals by a geostationary satellite imager and a ground-based microwave radiometer. They classified the validation errors due to this inhomogeneity into two categories: retrieval process for satellite observations (planeparallel bias and field-of-view mismatches between the radiometer's channels) and differences in observed scenery (by satellite-and ground-based measurements). Schutgens and Roebeling (2009) conclude that the dominating error is due to scene differences and that smaller pixel sizes increase this behavior unless the parallax effect is corrected. Greuell and Roebeling (2009) established standards for validation procedures to minimize these errors by determining the optimum statistical agreement between satellite-and ground-based liquid water path measurements. The parallax correction led to a significant improvement in validation. However, the same correction did not significantly improve results for relatively homogeneous cloud fields. Martinez-Chico et al. (2011) performed comparisons of cloud classification from different ground-based instruments. In this case they used radiation data and hemispherical sky images to determine different cloud types. They also proposed to use this kind of studies to determine sites for solar panels to improve solar resource assessment models. Kazantzidis et al. (2012) compared an automatic estimation of the cloud coverage and classification derived from a simple whole sky imaging system to synoptic data. According to their results, 83 % (broken cloudiness) and 94 % (overcast cloudiness) of the analyzed images agreed within ± 1 and ± 2 oktas, respectively, compared to the weather observations. They also concluded that the total cloud cover is underestimated when cirrus clouds are present.
The Satellite Application Facility on Climate Monitoring (CM SAF) which is part of the European Organization for the Exploitation of Meteorological Satellites (EU-METSAT) SAF network, generates, archives and distributes satellite-derived products for climate monitoring in an operational mode. CM SAF distributes, among others, cloud products (Cloud Fractional Cover, Cloud Type, Cloud Top Pressure, etc.) derived from the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on the first Meteosat Second Generation (MSG) geostationary spacecraft and from the Advanced Very High Resolution Radiometer (AVHRR) from the polar-orbiting NOAA (National Oceanic and Atmospheric Administration) satellites. These products are directly derived from satellite radiance measurements.
CM SAF published several validation reports on cloud products in the past years. Deneke et al. (2007) These results show that the CFC from CM SAF agreed well with synoptic data (within 1 okta difference) and polar orbiting satellite data over mid-latitudes. However, the CFC was found to be overestimated towards the edges of the visible Earth disk. They concluded that the clouds might be identified correctly by SEVIRI instrument but are interpreted incorrectly by the algorithm. The results show that the horizontal cloud coverage seems larger than in reality just by geometrical viewing effects. The parallax effect results in a displacement of the cloud positions in relation to the sensor when approaching the edges of foot print. In the same case the position as well as the length of these clouds is misinterpreted and the CFC is overestimated. Amato et al. (2008) performed a statistical analysis of cloud detection from SEVIRI imagery. Their discriminant analysis showed a good performance in cloud detection.
In a contrail study by Mannstein et al. (2010) instantaneous comparisons to a Wolkam camera showed that the SEVIRI cloud detection algorithm detected 15 % of 79 contrails. Note that contrails are hard to detect with passive sensors, since they are very thin. The same study for the AVHRR algorithm showed better results due to a higher spatial resolution of the instrument. Of the contrails, 27 % were confirmed by the Wolkam camera (detailed results in Mannstein et al., 2010) .
We compare the CFC products provided by CM SAF with ground-based observations. This means the CFC data are checked in a process of comparisons in order to determine the resemblance of instantaneous and DM satellite data.
We will describe the instruments -SEVIRI, AVHRR and Hemispherical Sky Imager (HSI) -and how the data were retrieved and processed in this work. After introducing the methodology, we will present comparisons between the different data sets (SEVIRI, AVHRR, SYNOP and HSI). We will continue with an analysis of the characteristics of the CFC retrieval algorithm and finally discuss and conclude the results.
Instruments and data

The Hemispherical Sky Imager
The HSI is composed of a digital compact charge-coupled device camera, a fish-eye objective with a field of view of 183 • and a steering unit to provide a hemispherical image of the entire sky. This system is installed on the roof of the Institute of Meteorology and Climatology (IMUK) in Hannover, Germany (52.4 • N, 9.7 • E), and is protected by a waterproof enclosure. More details of the HSI system are described in Tohsing et al. (2013) . The image acquisition for the cloud coverage determination is performed within 10 s intervals. An identical system is mounted at NIWA (National Institute of Water and Atmospheric Research) in Lauder, New Zealand (45.0 • S, 169.7 • E). A camera projection, which describes the relationship between the incoming light ray and the incident angle, needs to be considered in order to estimate the cloud cover from the HSI image. Tohsing et al. (2013) analyzed the camera projection of this camera system and found it to be adequate for the cloud cover determination. The equidistant camera projection has the advantage that the acquired image is only minimally distorted and clouds can be analyzed to zenith angles of 80 • . The cloud cover of the sky with a zenith angle greater than 80 • is not analyzed due to horizontal brightening and hazy sky. The spatial horizontal coverage of the HSI instrument depends on the considered field of view and the cloud base height. By assuming a field of view of 160 • -thus ignoring the sky between the horizon and the elevation angle of 10 • -and a cloud base height of 3 km, the spatial horizontal coverage can be up to 900 km 2 . With these assumptions the radius of the circular area is 17 km. With a decreasing cloud base height the spatial horizontal coverage is reduced. At a height of 1.5 km the coverage is approximately 225 km 2 .
In order to extract the CFC from red-green-blue signal counts we used an algorithm based on the approach by Yamashita et al. (2004) . We define the SkyIndex in order to separate blue sky and cloud areas.
Since the SkyIndex by Yamashita et al. (2004) cannot analyze hemispheric images with an adequate accuracy, we further developed the algorithm. In addition to a sun filter, a haze filter was implemented in the algorithm to analyze uncertain or hazy areas in the digital image by taking into account the green signal counts. The haze filter defines a hazy area if the value of the green signal count is greater than the average of red and blue. A cloud is defined by the haze filter if the green signal count is smaller than the average.
The position of the sun in the image is calculated in order to evaluate the mostly bright circular solar area with an additional sun filter. In contrast to the SkyIndex, the sun filter uses different thresholds which are optimized for the higher and saturated signal. The algorithm is computing the CFC with a spatial resolution of approximately 3 megapixels.
Surface synoptic observations
SYNOP is a numerical code introduced by the World Meteorological Organization for weather observations made at manual and automated weather stations. Besides many meteorological parameters (local temperature, precipitation, visibility etc.) the CFC is reported at standard synoptic times. At these times a synoptic observer at a specific location reads the instruments and also estimates several variables, including visibility and CFC. CFC is reported in oktas, ranging from completely clear (0 oktas) to completely overcast (8 oktas). The hourly CFC SYNOP observations used within the study take place about 10 km from the HSI site at Hannover Airport, denoted hereafter HAJ.
Space-based measurements
Instruments Spinning Enhanced Visible and Infrared Imager)
On board the geostationary MSG satellites at 36 000 km height above the equator, SEVIRI provides full disc imagery SEVIRI is an optical imaging radiometer with 12 channels in the visible, near-infrared and thermal infrared part of the spectrum, between 0.6 and 13.4 µm (Aminou, 2002) , and provides unique capabilities for cloud imaging and tracking, fog detection, measurement of the Earth-surface and cloudtop temperatures, tracking of ozone patterns and many other improved measurements. SEVIRI has a spatial resolution of 3 km × 3 km at the nadir (Aminou, 2002) . A complete image of the Earth's full disk consists of 3712 × 3712 pixels.
Advanced Very High Resolution Radiometer
AVHRR is one of the longest operating satellite instruments to date. It operates on board the polar orbiting NOAA satellites and is also carried by the Meteorological Operational Satellites (MetOp)-A and MetOp-B polar orbiter operated by EUMETSAT since 2006. These measurements began already in the late 1970s and have continued until today (Kogan et al., 2011) . The NOAA satellites 15, 16, 17, 18, 19 and MetOp-A and MetOp-B (MetOp-C will be launched in 2017) belong to the Polar Operational Environmental Satellite program. These satellites are all equipped with the third version of the AVHRR. The AVHRR is a scanning radiometer, meaning it makes calibrated measurements of upwelling radiation from small areas (scan spots or pixel) which are scanned across the sub-satellite track. The operation of the AVHRR is representative of many scanning radiometers on low Earth orbiters (Kidder and Von der Haar, 1995) . This scanning radiometer uses six detectors that collect different bands of radiation at wavelengths between 0.58 and 12.50 µm.
Algorithms
The CMSAF cloud mask (CMa) products are based on algorithm packages provided by the Satellite Application Facility in supporting NoWCasting and very short range forecasting (NWCSAF). Two different algorithms have been developed for the two different radiometers (SEVIRI and AVHRR) because of their different channel characteristics. Both algorithms are based on the same concept: the cloud detection is performed by a multi-spectral thresholding technique. This means that a series of threshold tests allow the identification of pixels which are contaminated by clouds, snow or ice. These tests are applied to land or sea pixels depending on the illumination conditions (daytime, nighttime, etc.). Most thresholds are dynamically determined from ancillary data using radiative transfer models. If one test is well above its threshold, the process is stopped. The tests with the respective thresholds are detailed in Derrien and LeGleau (2005) and Derrien and LeGleau (2013) for SEVIRI and Dybbroe et al. (2005) for AVHRR, respectively.
Data
SEVIRI data
We use Level 2 data provided by CM SAF. We are using a 3-month extract of the data set CLAAS (CLoud property dAtAset using SEVIRI) which is an 8-year record of satellite-based cloud properties. The SEVIRI cloud products are derived from the space-based radiometers using the MSG NWC software package version v2010 (Stengel et al., 2014) .
For the calculation of CFC the original CMa fields were transformed into an equal-area (sinusoidal) projection with a spatial resolution of 3 km × 3 km resulting in a field of 5925 × 5925 pixels. Each pixel contains information of the cloud situation (cloud-free, cloud-contaminated, cloud-filled, ice-contaminated and no data). The 5925 × 5925 CMa field is then transformed into a binary map. This is done by assigning the value "1" to the pixels classified "cloud-filled" and "cloud-contaminated", whereas "cloud-free" and "icecontaminated" pixels are assigned the value of "0". This assigned value will later be introduced as the cloud layer index. No-data pixels are assigned N/A values. Linear averaging of the CMa binary map over 5 × 5 grid boxes leads to the final 1185 × 1185 pixel grid. In accordance with CM SAF processing the CFC was calculated as the fraction of cloudy pixels (cloud-filled and cloud-contaminated) per subregion (5 × 5 grid boxes) compared to the total number of analyzed pixels per same subregion, which means that the CFC is computed as the cloudy fraction of all pixels within a 15 × 15 km 2 grid square and is expressed in percent (Derrien and LeGleau, 2005 Karlsson et al., 2013) . This particular AVHRR data set has its strengths in its long duration (28 years) and foundation upon a homogenized AVHRR radiance data record. The instantaneous CLARA-A1 retrievals have a spatial resolution of 4 km × 4 km. This spatial resolution results from averaging over 4 out of 5 pixels and skipping three lines in the original high-resolution picture transmission (Karlsson et al., 2013) . This data set is based on the adjusted NWC-SAF/PPS version 2010 algorithm for polar orbiters .
Methodology
Data processing
Both instantaneous satellite data sets (SEVIRI and AVHRR) had to be temporally and spatially analyzed and sorted in order to be compared to ground-based observations (SYNOP and HSI).
SEVIRI data processing
Since the CM SAF SEVIRI CFC is distributed for HH : 45 (scan starting time) and the scan by SEVIRI takes 12 min (Schmetz et al., 2002) and reaches the area over Hannover after approximately 10 min, the time HH : 00 was chosen for the CFC calculation by HSI and also SYNOP. Only values measured under the conditions of a solar zenith angle lower than 80 • were accepted, since HSI and SYNOP data are based on the visible spectrum of the solar radiation (camera and human eye). Especially during dusk and dawn the cloud state can be misinterpreted due to reflection at the horizon for example. The CMa's cloudy pixels can be labeled as either cloudfilled or contaminated. CM SAF assumes a 100 % cloud coverage for both cases. We define BCLI (broken-cloud layer index) as the value that is assigned to a "cloud-contaminated" pixel (in case of CM SAF: BCLI = 100 %). We will also analyze the influence of different BCLI as well of different sizes of averaging windows on the CFC. Window sizes of 3 × 3, 5 × 5 and 7 × 7 pixels are included in the calculations. We also replace the original BCLI of 100 % with BCLIs of 50 and 75 % in order to determine the influence of BCLI on CFC estimations in SEVIRI data. Subsequently this CFC is compared to the CFC from HSI.
AVHRR data processing
The HSI data points are chosen according to the overflight time of the polar satellites (NOAA satellites 15, 16, 17, 18, 19 and MetOp-2) during daylight as in the SEVIRI case. On average, 20 values of AVHRR CFC are computed for each day, for the box centered over Hannover, Germany. The AVHRR CFC pictures are chosen according to the position of the HSI. Only AVHRR and HSI CFC with a zenith angle lower than 40 • are chosen for comparisons. These are approximately 10 values per day. The first step of our algorithm consists in searching these auxiliary data in order to find the temporally correlated HSI image to which the CFC will be compared. After finding the central pixel (4 × 4 km 2 ), 3 × 3 pixels (≈ spatial resolution of SEVIRI CFC) are averaged. The result is a 12 × 12 km 2 box containing the CFC in percent.
Statistics
We use different statistic relations in order to compare the different data sets. We distinguish between instantaneous and daily mean cloud coverage data which are calculated from the instantaneous data.
The daily mean) is defined by
where k is the number of CFC values in 1 day. In order to quantify over-and underestimation of the CFC by the instruments, we define the bias as the mean of differences. The equation becomes
where B equals the number of available match-ups between two data sets and x m is the difference between these data sets. The standard deviation (SD) is defined by
where x n is the difference between two data sets, l is the number of available values and µ = 1 l l n=1 x n is the mean of these differences.
The correlation coefficient R(y, z) is used for comparisons between instantaneous data and is defined by
where z j are the values of CFC by SEVIRI, y j are the values of CFC by HSI and z, y are the arithmetical means of CFC by the respective instrument. For the instantaneous cloud coverage data we distinguish in our work between three different scenarios: cloudfree (clear) (CFC ≤ 2 oktas), cloud-contaminated (broken) (3 oktas ≤ CFC ≤ 5 oktas) and cloud-covered (cloudy) (CFC ≥ 6 oktas). Comparing two data sets, the variables a, b, c, d, e, f, g, h and i give the number of observations for different combinations of scenarios of cloud-free, cloudcontaminated and cloud-covered sky (as shown in the contingency matrix in Table 1 ). The probability of detection (POD) indicates the probability of correctly detecting the cloud scenario as seen by the following reference:
and
The false alarm rate (FAR) is a measure of observation performance (just as POD) and describes for each scenario the ratio between the number of false alarm events and the total number of events:
Results
Hannover, Germany -comparison
This section will present all the results of the comparisons between HSI, SEVIRI, SYNOP and AVHRR in Hannover, Germany, for the months July through September 2009. The results of the instantaneous data will be followed by the results for the daily mean data sets. Figure 1 shows a density plot for instantaneous CFC of HSI and SEVIRI for the months July through September 2009. The number of occurrences for both instruments measuring 8 oktas is 325. We find that from all 1029 valid measurements, 371 (≈ 36 %) match a difference of 0 okta and so agree with each other. Of the 652 measurements by SEVIRI that show a CFC of 8 oktas, in 50 % HSI measures a CFC between 1 and 7 oktas, which means that half of SEVIRI's cloud-covered skies are overestimated. In 193 cases we find a CFC of 0 okta by SEVIRI and 93 % of these measurements show a difference higher than 1 okta from HSI CFC. When SEVIRI and HSI return CFCs between 1 and 7 oktas, SE-VIRI overestimates 61 % of 148 match-ups. Figure 2 shows (among other results) a histogram of the differences between SEVIRI and HSI (here: red dashed line). The reader should notice that positive differences between SEVIRI and HSI are on average higher than the negative differences. This observation shows that SEVIRI often overestimates the CFC when compared to HSI. The bias is 8 % and also shows that SEVIRI tends to overestimate CFC. Martinez-Chico et al. (2011) explain that such an overestimation can be due to off-nadir effects and different viewing angles. We suggest that these deviations are also due to different spatial resolutions of the instruments as well as cloudcontaminated pixels in the cloud mask which are assigned a 100 % cloud coverage. This problem will be discussed further in Sect. 4.3. Statistical analysis of these two data sets for all three scenarios shows that clear and complete covered sky are the cases of good agreement whereas broken-cloud coverage show the highest deviations. POD cloudy = 94 % shows the highest value in this comparison, whereas the FAR cloudy = 2 9 %. This means when HSI detects cloudy sky, 94 % are detected by SEVIRI as well but 29 % of the cases identified by SEVIRI as cloudy are false alarms.
Instantaneous
SEVIRI
Atmos
POD broken (12 %) is almost one-eighth of POD cloudy . These results indicate that SEVIRI shows only poor skill in detecting broken-cloud events. A summary of these values is shown in Table 2 .
We also believe that moisture in the upper atmosphere and spatial resolution differences influence the order of magnitude of deviations. We show an example of high altitude moisture in the atmosphere in Fig. 3 where we present CFC measurements on 15 July 2009. The four HSI images on the top of Fig. 3 indicate the cloud coverage at 7:00, 8:00, 11:50 and 12:00 UTC. The CFC by SEVIRI, HSI and SYNOP is displayed in the plot underneath. Here we find differences between SEVIRI and HSI between −30 and 40 % (positive = overestimation by SEVIRI). In the HSI image of 7:00 UTC we can see cirrostratus clouds which indicate moisture in the high altitudes. Although SYNOP observes a 50 % CFC, HSI measures a CFC of around 75 % and SE- VIRI of 100 %. HSI CFC is already overestimated due to dew on the dome. At 8:00 UTC SEVIRI measures a CFC of 0 % whereas HSI and SYNOP estimate a CFC between 25 and 30 %. Due to its coarser resolution, SEVIRI is unable to correctly detect small clouds as seen in the HSI picture. Increasing occurrence of these clouds, which cannot be detected by the satellite instrument but by ground-based observers, also increase differences between the measurement systems. This can also be seen in the examples of 11:50 and 12:00 UTC. Obviously HSI can capture even small changes in cloud coverage whereas SEVIRI, due to its coarser spatial resolution and viewing conditions, does not detect the same changes in CFC.
In conclusion, the results of instantaneous CFC show that there is a chance of one in three that SEVIRI measurements differ from HSI measurements by at least 1 okta (refer to Table 3 : 100 % −a − e − i). In 74 % of these cases these differences will occur during cloud-contaminated sky ((b + h)/33 %). 
AVHRR
We calculate the CFC as described in Sect. 3.1 for comparisons between CFC from AVHRR and HSI in Hannover. Figure 4 displays the distribution of instantaneous CFC differences in oktas between AVHRR and the ground-based HSI in Hannover, Germany. The count is normalized by the total number of match-ups. We find that the count of differences equal to 0 is approximately equal to the number of differences not equal to 0. Nonetheless there is a slight overestimation by AVHRR as shown by the greater occurrences of positive differences and by the positive bias equal to 2 % with a standard deviation equal to 22 %.
In the cloud-covered scenario both POD and FAR show relatively good results (as shown in Table 4 ). POD cloudy = 92 % has the highest value which indicates that 92 % of all data pairs agrees on a CFC between 6 and 8 oktas. For the same scenario, FAR cloudy = 21 % represents the percentage of events that are false alarms and shows that cloud detection in this case is satisfactory. Nevertheless we find the POD broken = 32 % and FAR broken = 38 %, which means that more than one-third of AVHRR CFC between 3 and 5 oktas are false alarms.
AVHRR vs. SEVIRI
We compare instantaneous CFC by AVHRR to 1 h results by SEVIRI. Both data sets were temporally matched according to the satellite overflight time over Hannover, Germany, and the temporal resolution of SEVIRI imagery. Maximum temporal differences were ± 10 min. The HSI picture which was temporally closest to AVHRR was chosen and compared to AVHRR and SEVIRI CFC. A total of 227 match-ups were found.
It can be seen in the histograms in Fig. 2 that AVHRR has a lower count for overestimating CFC in respect to HSI and a significantly lower count in underestimating compared to SEVIRI measurements. Compared to SEVIRI, AVHRR shows in total a lower frequency at differences greater than 1 okta (positive and negative). We can also read from this figure, that in the few cases AVHRR underestimates CFC, it is underestimated mostly by 1 okta compared to HSI. The bias also shows this slight underestimation and is equal to −2 % with a standard deviation equal to 21 %. SEVIRI, however, shows a higher count for positive differences which implies that SEVIRI tends to overestimate CFC, which has already been shown in Sect. 4.1.1 and is also confirmed in this case with the positive bias of 3 % with a standard deviation equal to 38 %. In this case SEVIRI's standard deviation is higher than in all the other cases due to temporal matching. POD and FAR comparisons between SEVIRI/AVHRR and HSI reveal that all observations mostly agree in cases of cloud-covered sky. We find that AVHRR's FAR clear is significantly lower than SEVIRI's FAR clear (31 vs. 56 %). As well PODs in the same scenario are greater for AVHRR than SEVIRI (82 vs 64 %, respectively). SEVIRI's POD for cloud-contaminated skies (6 %) is almost one-fifth of AVHRR's POD (29 %). We conclude that AVHRR overall shows better skill in capturing the three different cloud scenarios.
SYNOP vs. SEVIRI
The CM SAF algorithm, as described in Sects. 2.3.2 and 3.1, has been used to calculate hourly instantaneous CFC to compare CFC between SYNOP and SEVIRI in HannoverLangenhagen (HAJ).
We analyzed the deviations in CFC between the adjacent boxes over IMUK and HAJ in order to determine whether we can use SYNOP observations at HAJ for comparisons against SEVIRI and HSI estimates at IMUK. In Fig. 5 relation between the CFCs at both sites and find that these measurements are indeed correlated with a correlation coefficient R = 0.98. The standard deviation is 5 % and the bias is equal to 1 %. We conclude that we can use the box over IMUK for SYNOP comparisons to satellite and HSI measurements.
Evaluations reveal that SYNOP data show a high variation in CFC when SEVIRI measures a CFC of 0 or 8 oktas (see Fig. 6 ). Of a total 996 match-ups, in 296 SEVIRI shows a CFC of 8 oktas while SYNOP estimates a CFC of 7 oktas. That is an 1 okta underestimation by SYNOP. Figure 6 also reveals that in a total of 117 cases SYNOP estimates a CFC between 1 and 7 oktas while SEVIRI measures a CFC of 0 okta; in alone 85 of these cases SYNOP estimates a CFC between 1 and 2 oktas, which shows that for small cloud coverages SYNOP tends to overestimate CFC with respect to SEVIRI. In total around 70 % of the CFCs are underestimated by SYNOP by at least 1 okta whereas only 17 % are overestimated. This tendency of underestimation by SYNOP is confirmed by the negative bias of −15 % with a standard deviation equal to 26 % with respect to SEVIRI.
Also with respect to HSI, SYNOP tends to underestimate CFC by 1 okta. This observation is confirmed in the histogram of Fig. 7 . In 222 cases SYNOP estimates a CFC of 7 oktas while HSI measures a CFC of 8 oktas. Overall SYNOP underestimates 56 % of all 996 match-ups, while only 20 % are overestimated. With a bias equal to −6 % and a standard deviation equal to 19 % we conclude that differences between HSI and SYNOP are smaller than differences between SEVIRI and SYNOP.
These observations are also shown in the results of PODs and FARs. In Table 5 we show that the probability of SE-VIRI detecting cloudy sky with respect to HSI is 97 % and represents the highest POD for all three scenarios and is 30 % higher than SEVIRI-SYNOP POD and 16 % higher than HSI-SYNOP POD. However, in the case of brokencloud coverage, HSI-SEVIRI has the lowest POD of 15 % in contrast to HSI-SYNOP POD of 52 %.
A 15 % POD for cloud-contaminated skies shows that SE-VIRI only detects 15 % of the broken-cloud cases by HSI. The SEVIRI-SYNOP and HSI-SYNOP PODs for the same scenario are 44 and 52 %, respectively. However, the FAR by SEVIRI-SYNOP is 89 % which indicates that the amount of false alarms is very large for the broken-cloud scenario. 
Daily Mean
Comparing only DM CFC by SEVIRI to HSI we find a bias of 8 % which indicates a rather small overestimation by SE-VIRI but is nevertheless the highest bias we find for all daily mean comparisons. The standard deviation is 16 % and we can conclude that these data sets do agree well and that the differences in the instantaneous data diminish to a minimum. A comparison of the DMs of the CFC by AVHRR, SEVIRI and HSI shows that AVHRR-HSI DM CFC and SEVIRI-HSI DM CFC have almost the same maxima and minima on the same days (Fig. 8) . The differences of AVHRR-HSI DM CFC are generally larger in July and smaller in September, than the differences from SEVIRI-HSI DM CFC. The SD of the difference for the DM CFC derived from the AVHRR is 14 % and the bias is 6 %. SEVIRI also shows a bias of 6 % but a slightly higher standard deviation equal to 19 %.
The differences of the DM CFC between SEVIRI and SYNOP are slightly higher than the differences between SE-VIRI and HSI. The SD of the difference between HSI and SYNOP is 11 %. The bias is −6 %. Although SEVIRI shows a higher SD (15 %), both SYNOP and SEVIRI DM CFC show a good agreement to HSI DM CFC.
All SD and biases for instantaneous and daily mean data in all different match-ups are presented in Table 6 .
Lauder, New Zealand -comparison
In addition, we also performed HSI measurements in Lauder, New Zealand, and compared these to AVHRR data. The distribution of differences between instantaneous CFC in oktas from AVHRR and HSI for November and December 2009 in Lauder, New Zealand, are presented in Fig. 9 . About 35 % Table 6 . Summary of standard deviations and bias for the comparisons between instantaneous and daily mean CFC in Hannover, Germany. Results show the deviations of SEVIRI, AVHRR and SYNOP to HSI. The corresponding data set has been matched to the data set in parentheses. A lack of parentheses indicates that the data set has only been matched to HSI.
SD
Bias DM SD DM bias AVHRR 22 % 2 % 14 % 6 % AVHRR (SEVIRI) 21 % −2 % 14 % 6 % SEVIRI 29 % 8 % 16 % 8 % SEVIRI (SYNOP) 27 % 9 % 15 % 10 % SEVIRI (AVHRR) 38 % 3 % 19 % 6 % SYNOP 19 % −6 % 11 % −6 % of all HSI-AVHRR match-ups show a difference at 0 okta. When underestimating, it seems that AVHRR underestimates mostly by 1 okta whereas match-ups are decreasing exponentially with increasing difference for an overestimating AVHRR. On average, AVHRR slightly overestimates CFC as shown in the contingency table (Table 7) . In contrast to 13 % of CFC underestimation, we find that in 18 % of all cases AVHRR determines a higher CFC than HSI. We obtain the same conclusions as in the Hannover comparisons from the POD and FAR results shown in Table 4 : in the cloud-covered scenario both POD and FAR show relatively good results, whereas cloud-contaminated scenarios show a low POD (26 %) and a high FAR (68 %). However, we find that in all cases (clear, broken and cloudy) the Lauder, New Zealand, PODs are lower compared to Hannover, Germany. The difference between DM CFC of the AVHRR and HSI in Lauder, New Zealand, states a maximum deviation of approximately ± 25 % at the beginning of November as shown in Fig. 10 . During the first month it seems that the AVHRR either under-or overestimates the CFC when compared to the HSI. However, during the majority of December AVHRR is only slightly underestimating the CFC compared to the HSI. The SD between AVHRR and HSI is 15 % and the bias is equal to 5 %, which shows a good agreement between the daily mean CFC series and also agrees with the findings in the Hannover case.
Atmos
SEVIRI algorithm -variation of broken-cloud layer index
We analyzed the influence of different features (e.g., averaging window size, BCLI) in the CM SAF algorithm on the resulting CFC (in 1 h match-ups). For these comparisons the original features were used to examine the original product, which is currently published by CM SAF. Since a cloud-contaminated pixel is not completely cloudfilled by definition, a BCLI of 100 % is not accurate. Hence, there is a need to examine whether a BCLI of 100 % is the best choice. In the following analyses we vary the BCLI between 50, 75 and 100 % for CFC calculations. We then compare the different CFC time series to HSI CFC. We combine this last analysis with variable averaging window sizes (3 × 3, 5 × 5 and 7 × 7).
We find that changing the BCLI does only have a minimal effect on PODs and FARs and shows small changes in the differences between SEVIRI and HSI. However, changing the averaging window size has an influence on PODs and FARs, even though these results also depend on the scenario type. Figure 11 shows box-averaged PODs and FARs. The results reveal that with increasing averaging window sizes, POD and FAR are about the same for cloudy scenarios (92 %). In the case of a clear sky the POD is highest for the smallest window size and lowest for 5 × 5 (83 vs. 75 %). Between the window sizes of 3 × 3 and 7 × 7 we find a change in POD broken from 4 to 15 % and a change in FAR broken from 28 to 42 %. This means that instantaneous CFC should be treated with caution.
In Table 8 we present the standard deviations and bias for all nine different cases. At 50 and 75 % the mean bias is equal to −1 and 1 %, respectively. It seems that the window size influences the SD, which decreases with increasing window size. We suggest that a BCLI lower than 75 % should be considered for further usage in instantaneous, daily mean and monthly mean data and that the averaging window size should be decreased to 3 × 3. All these results are summarized in Table 8 .
Discussion
The differences observed can be explained by three main sources of uncertainty: spatial resolution, algorithm deficiencies and viewing geometry.
Spatial resolution and algorithm issues
The comparison of the CFC from SEVIRI with HSI data showed up to 100 % deviation in instantaneous measurements. However, SEVIRI and HSI mostly agree on the CFC especially in the case of completely cloudy skies. Whereas on clear-sky days, when SEVIRI shows no amount of clouds, HSI still notices a CFC of up to 5 %. This particular deviation is due to a solar filter (in the HSI CFC algorithm), which does not entirely exclude the sun's influence (appears white in the picture). The highest deviations are shown during partially cloud-covered skies.
Both satellite instruments, SEVIRI and AVHRR, are sensitive to the same weather conditions (convective clouds, high winds and fast-changing weather conditions). Humidity in the upper atmosphere is a cause which leads to an incorrect interpretation of the cloud situation by HSI. Some cirrus clouds are too thin to be detected in the visible spectrum. Spatial resolution, limits and form of one box by AVHRR which differ from the field of view and form of the HSI also cause further misinterpretation of the cloud situation.
Another effect contributing to deviations between HSI and SEVIRI/AVHRR is the occurrence of stratocumulus. These clouds have small areas where blue sky is exposed, which are detected by HSI. Because of the small scale and only slight transparency of these areas, the corresponding pixel is assigned a wrong BCLI of a 100 %. This causes a higher computed CFC. It has been shown that decreasing both the BCLI and the averaged window size can lead to improvement in the cases of cloud-free to cloud-contaminated sky. Less readily detectable cirrus clouds are the third effect contributing to these deviations. These clouds are either not detected by the HSI because of their high transparency for the blue portion of the spectrum of the sky radiance or are not detected by the satellite instrument because of the lack of cloud particles per volume of the cloud. The circumsolar area of the sun that is not perfectly analyzed by the sun filter in the HSI algorithm also contributes to the instantaneous and therefore to the DM deviation of the CFCs. As a result, this bright area is incorrectly characterized as cloud-contaminated or filled, leading to an error up to 5 %. Another factor contributing to the lower deviations between AVHRR and HSI (compared to SEVIRI-HSI) is the originally higher resolution of 1 × 1 km 2 of AVHRR in comparison to SEVIRI with a resolution of 3 × 3 km 2 .
In the case of SYNOP observations we believe that the subjective estimation by different weather observers, who are working in shifts, is one of the major factors that contributes to the deviations between SYNOP and SEVIRI CFC. Therefore, these estimations depend on the physical conditions of humans. Even trained observers tend to over-or underestimate cloud coverage (Dybbroe et al., 2004) . In our case, the results show that SYNOP underestimates CFC by 6 ± 19 % compared to HSI and SEVIRI. This underestimation is mostly due to SYNOP's CFC definition of cloudcovered sky (only 8 oktas). Only skies that are completely overcast (100 % CFC) will be reported as 8 oktas, whereas SEVIRI and HSI define 8 oktas as a CFC between 93.75 and 100 %. Overestimations in the lower CFC are due to the fact that SYNOP observers estimate a CFC of 1 okta once a cloud is present. These observers also consider different areas for different observations. These areas are highly dependent on visibility and topography. This also means that the scenery effect plays an important role in the observation of clouds. The differences in the data sets can also be explained by the changes in these viewing conditions.
Influence of viewing angles and geometry
Instantaneous CFC from HSI was compared to AVHRR NOAA satellite data. The AVHRR shows nearly the same deviations as SEVIRI with slightly smaller magnitudes. However, in the case of broken-cloud coverage we find far less agreement between SEVIRI and HSI than we find between AVHRR and HSI. Since AVHRR is operating on polar satellites we can conclude that the large viewing angle obviously does influence the results of SEVIRI. The parallax effect influences the quality of the data notably for broken-cloud coverage. This effect describes a geometric dislocation of high cloud layers. This effect depends on the cloud layer height and thickness and increases with increasing distance from the satellite nadir, i.e., with an increase in the oblique angle. This means that the ground-based cloud layer observation is horizontally displaced in the satellite image. SE-VIRI's IMUK and HAJ pixels have a satellite zenith angle of about 60 • . With a mean cloud top height lower than 3 km (excluding clear-sky days) the mean parallax displacement is at maximum 5 km. In comparison, we restricted the maximum zenith angle for AVHRR to 40 • , which under the same circumstances leads to a maximum displacement of 2.5 km. Since this effect is highly dependent on the zenith angle, we see an advantage in the polar orbiting instrument measurements. In an ideal case the zenith angle decreases to 0 and there will be no parallax displacement. Whereas SEVIRI on a stationary satellite will always have the same zenith angle (for Hannover it is about 60 • decreasing towards the tropics). In contrast to Greuell and Roebeling (2009) , who validated SEVIRI against ground-based microwave radiometers, we believe that the parallax effect in our case study is not the major error source since HSI images cover an area of ± 15 × 15 km 2 which corresponds to the box size of SEVIRI. Ground-based microwave radiometers only have view cross sections of 90 × 90 and 220 × 220 m 2 for 2 and 5 km cloud top height, respectively (Greuell and Roebeling, 2009) .
We also need to consider the scenery effect. This effect describes the overestimation of CFC caused by a slanted view at convective cloud towers, for example. The contribution of this effect increases with increasing viewing angles and therefore especially influences SEVIRI results towards the edges of the MSG disk, thus at high latitudes. However, AVHRR and the surface observations also encounter problems in correctly estimating the cloud amount in case of convective clouds (that shield the cloud-free gaps in between the individual clouds) at large viewing angles (Malberg, 1973) .
Conclusions
We compared instantaneous and daily mean CFC derived from satellite-based instruments to ground observations by an automated camera and SYNOP data.
We find in general good agreement between satellitederived estimates compared to HSI with biases ranging from 2 % (AVHRR) to 8 % (SEVIRI) and standard deviations of 22 % (AVHRR) and 29 % (SEVIRI) for instantaneous results. SYNOP underestimates CFC by 6 ± 19 % compared to HSI and SEVIRI. All DM CFC comparisons showed lower standard deviations than the instantaneous comparisons, which are mostly around 10 % lower. We conclude that the averaged climatology may well be used for comparison against ground-based observations. Yet in the case of broken-cloud fields (3-5 oktas) the instantaneous CFC should be treated with caution.
We find that both SEVIRI and AVHRR show good skill when detecting cloud-free and cloud-covered skies. We only find poor skill, though, whenever broken clouds occur. In the case of broken-cloud fields, major influences on performance are viewing angles, spatial resolution, the broken-cloud layer index and the averaging window size. We showed that BCLIs of 50 and 75 % show lower biases for SEVIRI CFC compared to HSI. It has been shown as well that changing the averaging window size to 7 × 7 leads to overall smaller deviations between SEVIRI and HSI. The largest impact on the performance of the satellite products, however, can most likely be attributed to the scenery effect (especially for SEVIRI) and the rather low spatial resolution (compared to HSI). It is worth while to remember that clouds often have a complex small-scale structure that cannot be detected well with a pixel size of 1 km 2 or more. As a consequence, in case of broken-cloud fields, gaps between clouds are not detected by the satellite instruments and therefore classified as "cloudy", which leads to an general overestimation of the actual cloud cover in these cases. However, there may be better ways to deal with this problem by systematic and long-term comparisons with all-sky camera data on the ground. The differences between SYNOP and satellite observations can partly be explained by differences of the viewing conditions. We showed that SYNOP's 1 okta underestimation of CFC is due to the definition of 8 oktas. In case of SYNOP 8 oktas are only reported for complete overcast skies (100 % CFC) whereas SEVIRI and HSI define 8 oktas as CFC between 93.75 and 100 %. Therefore, we can to a certain extend reconfirm Dürr and Philipona (2004) results and we conclude that synoptic observations of CFC are comparable to instantaneous comparison of instrument-based SEVIRI CFC for clear and overcast skies. However, strong deviations remain in the case of
